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PlasmonicRelative to the Er3+:gold-nanoparticle (Er3+:Au–NP) axis, the polarization of the gold nanoparticle can be
longitudinal (electric dipole parallel to the Er3+:Au–NP axis) or transverse (electric dipole perpendicular to
the Er3+:Au–NP axis). For longitudinal polarization, the plasmon resonance modes of gold nanoparticles
embedded in Er3+-doped germanium–tellurite glass are activated using laser lines at 808 and 488 nm in res-
onance with radiative transitions of Er3+ ions. The gold nanoparticles were grown within the host glass by
thermal annealing over various lengths of time, achieving diameters lower than 1.6 nm. The resonance wave-
lengths, determined theoretically and experimentally, are 770 and 800 nm. The absorption wavelength of
nanoparticles was determined by using the Frohlich condition. Gold nanoparticles provide tunable emission
resulting in a large enhancement for the 2H11/2 →
4I13/2 (emission at 805 nm) and
4S3/2 →
4I13/2 (emission at
840 nm) electronic transitions of Er3+ ions; this is associated with the quantum yield of the energy transfer
process. The excitation pathways, up-conversion and luminescence spectra of Er3+ ions are described
through simpliﬁed energy level diagrams. We observed that up-conversion is favored by the excited-state
absorption due to the presence of the gold nanoparticles coupled with the Er3+ ions within the glass matrix.
© 2013 Elsevier B.V. All rights reserved.1. Introduction
The wavelength and intensity of the localized surface plasmon
resonance (LSPR) of a nanoparticle (NP) are strongly affected by the
refractive index in its immediate vicinity. When the NP is embedded
in a dielectric, e.g., a glassy system, the ﬁeld around the particle
becomes inhomogeneous [1–3]. Nanoparticles within a transparent
dielectric have extraordinarily size-dependent optical properties,
which have been the subject of extensive studies due to their poten-
tial application as nonlinear optical materials for photonic devices [2].
Regarding the process of production of the NPs, new materials with
unique properties may be obtained. Indeed, some of these properties
can even be improved, for example, the utilization of plasmonic
effects into a host matrix with photonic applications of current inter-
est [3–5]. Several preparation methods have been reported in the
literature, such as the use of electron beams, femtosecond lasers,
ultra-violet irradiation, and heat-treatment [4,5].
Concerning the host matrix, germanium–tellurite glasses are very
good candidates for such investigations because they exhibit a large
transmittance window (visible and infrared region), low cutoff pho-
non energy, high refractive index, and high chemical stability [5,6].a).
rights reserved.Besides, these glasses presents a suitable combination of structural,
optical and spectroscopic properties because they have more than
one structural unit combination (bi-pyramidal TeO4, trigonal pyramid
TeO3, and polyhedral TeO3 + d and tetrahedron GeO4, octahedron
GeO3 for tellurite and GeO2, respectively) [6], that is suitable for
rare-earth doping. As previously reported in the literature, Ag+ ions
in germanium–tellurite glass are very mobile [7] and tend to aggre-
gate [5,8], forming metallic NPs. NPs of various sizes can coexist,
depending on the duration and temperature of annealing. In contrast
to Ag+ ions, Au3+ ions display lower mobility in the same glassy net-
work. Unfortunately, the characteristic size of an NP is strongly de-
pendent on the fabrication process, which usually gives rise to a
mixture of different NP diameters, making it difﬁcult to correlate cer-
tain properties that deﬁne the NP sizes. Inasmuch as the absorption
cross section depends on the NP size [5,9], the frequency of incident
radiation can be chosen such that only particles whose size lies in a
narrow range within the NP size distribution absorb light efﬁciently
[10]. It must be kept in mind that during decay of the electronic exci-
tation, the absorbed photon energy rapidly dissipates, causing a tem-
perature increment in the surrounding medium (Joule effect) [11].
The LSPR has the effect of considerably enhancing the electric ﬁeld
strength around the nanoparticle. This can, in principle, lead to
enhanced emission from Er3+ ions located within the region of the
enhanced ﬁeld [7,9], provided that the frequency of the enhanced
Fig. 1. TEM images of the glass samples resulting from (a) 2.5 h, (c) 5.0 h and (e) 7.5 h of annealing at 300 °C with their respective size distributions (b), (d) and (f), where the
aspect ratio changes subtly with the annealing time. The Image (c) shows the effects of the elastic stress. X-ray diffraction patterns of the glass samples as a function of annealing
time (g) and estimated Au–NP diameter d versus annealing time (h). Error bars to 3%.
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Table 1
Some calculated physical properties: concentration N, distance between Er3+:Au–NP,
average size of Au–NPs.
Physical parameter Average for all samples
N (atom/cm3)
Er3+ 2.17 × 1020
rm (Å) 25.5 ± 1.2
Diffraction plane (111), size (nm) 0.91 ± 0.21
Diffraction plane (200), size (nm) 1.25 ± 0.38
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sion of Er3+. However, if the light-emitting structure is too close to
the metal portion, its excited state may be quenched by energy trans-
fer to the metal, which causes the electronic excitation to decay
non-radiatively. These effects (enhancement or quenching) depend
strongly on the distance between the two components (Er3+ ions
and Au–NPs), the spatial range of the electric ﬁeld, the spatial charge
distribution and other factors [12,13].
The goal of this work was to investigate the best way to achieve
efﬁcient coupling between gold nanoparticles (Au–NPs) and Er3+
ions in germanium–tellurite glass, considering the following: (i) the
excitation radiation and (ii) the energy transfer process between
Er3+ ions and Au–NPs in order to enhance (or not) the emission in-
tensity in these germanium–tellurite glasses. Additionally, the effects
of the surrounding glass on the nucleation and formation of NPs are
presented.
2. Coupling between plasmons and Er3+ ions
An emerging topic in plasmonics is the study of the interaction of
plasmonic and electronic transition systems [13,14]. Although the
proper description of this phenomenon would require a quantum
mechanical approach, the qualitative aspects of this interaction can
be modeled using classical EM methods [15]. Recently, Enriquez et
al. [16] reported the enhanced resonance light scattering properties
of Au–NPs due to interaction with Eu3+ ions. In spite of several stud-
ies, the mechanism of the interaction between rare-earth ions and
metal particles is not yet fully understood.
We can have scattering: Q scatt = Q scatt(Ray)(ω,ωp,d), where:
Q Rayð Þscatt ¼ 83
ω4pq
4
ω2−ω2pð Þ2þ49q6ω4p
is the Rayleigh scattering [13],ω is the frequen-
cy of excitation,ωp is the plasmon frequency of the Au–NPs, d is the di-
ameter of the NPs, and q = ωd/c, where c is the speed of light. This
scattering not only depends on the NP size, but also on the incident ra-
diation and the plasmon resonance modes. Regarding this effect,Fig. 2. (a) Absorption spectra of glass samples as function of annealing time with and wi
(b) Absorption spectra of the samples containing Au–NPs only, annealed for the same time
metallic NPs. Figure inset shows the absorption spectra for the samples with 2.5 and 10.0 hLocalized Surface Plasmons (LSPs) are collective oscillations of the con-
duction electrons in noble metals. The movement of the conduction
electrons upon excitationwith incident light leads to a buildup of polar-
ization charges on the particle surface. This acts as a restoring force,
allowing a resonance with a particular frequency (resonance mode),
which is called the dipole surface plasmon resonance frequency. These
induced dipoles (and higher multipoles) are proportional to (d/2r)
2 l + 1, where r is the interparticle distance and l is the multipole
order (l = 1 for dipole, l = 2 for quadrupole, etc.) [17].
3. Sample preparation and setup for coupling between plasmons
and Er3+ ions
We use a tellurite glass, prepared according to the composition
75TeO2 + 15Na2O + 7ZnO + 2GeO2 + 1Er2O3 (mol%) by the classi-
cal melt-casting technique. The glasses were doped with 0.25% of
AuCl3 (wt.%). The precursors TeO2, Na2CO3, ZnO GeO2, Er2O3 and
AuCl3 were weighed in appropriate amounts to obtain a total of
10 g. The melting was carried out in a platinum crucible at 750 °C
for 2.0 h, and the homogenized glass melt was then poured onto a
pre-heated brass mold. The annealing treatments aiming to reduce
the Au3+ ions to Au0 atoms and to nucleate the Au–NPs were
performed at 300 °C for 2.5, 5.0, 7.5 and 10.0 h; the glasses were sub-
sequently cooled down to room temperature inside the same electri-
cal furnace to minimize internal stresses. Finally, the glass samples of
45 × 20 × 2 mm3 were polished for the optical characterizations.
The glass transition temperature value (Tg) was determined by
Differential Scanning Calorimetry (DSC) with heating rates of
10 °C/min. The measured onset value of Tg is 287 ± 2 °C. X-ray dif-
fraction (XRD) patterns were obtained from a Rigaku-Rota Flex
model RU200B diffractometer. Transmission electron microscopy
(TEM) images were acquired with Philips-CM120 equipment. TEM
can yield information such as particle size, size distribution andmor-
phology of the nanoparticles.
Optical absorption spectra were recorded with a Lambda 900
Perkin-Elmer spectrophotometer, and the luminescence measure-
ments were performed by exciting the samples with a cw Argon ion
laser at 488 nm and a cw diode laser at 808 nm in resonance with
the Er3+ ions electronic transitions 4I15/2 → 4I11/2, 4I15/2 → 4F7/2 and
4I15/2 → 4I9/2, respectively. These measurements were analyzed
using a lock-in ampliﬁer equipped with an InGaAs detector. To mea-
sure the 2H11/2 → 4I13/2 and 4S3/2→ 4I13/2 lifetime (indirect radiative
transitions), the samples were irradiated with an Optical Parametric
Oscillator (OPO) centered at 488 nm with a pulse train of 5 ns. The
data lifetime was ﬁtted using I (t) = I0 + I1 exp [−t/τ1] + I2 expthout Au–NPs. The plasmon band is not observed because of the amount of Au–NPs.
s as all samples in the study; the black line is the glass doped with Er3+ ions without
of annealing in the region 375 to 1600 nm.
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Fig. 3. Resonance wavelength as function of the aspect ratio for the glasses with Au–
NPs, where d is the size of the Au–NPs. The ﬁlled triangle symbols are the values
from absorption extracted spectra (see Fig. 2(b)). The λp are values calculated for exci-
tation wavelengths of 488 and 808 nm, respectively.
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lifetime was calculated using the following expression [9]: τ ¼ I1τ21þI2τ21I1τ1þI2τ2.
The emission signal was recorded on an oscilloscope. Refractive indices
of the samples were measured using M-Lines Metricon equipment at
three wavelengths: 532, 633 and 1550 nm.
4. Results and discussion
Fig. 1 presents the TEM images of the samples heat treated at 300 °C
for 2.5 h (a), 5.0 h (c) and 7.5 h (e) with their corresponding NP size
distributions (b), (d) and (f), respectively. Note the irregular circular
shape on the TEM images, aspect ratio [0.8–1.3]. Image (c), which has
lower magniﬁcation, shows the deformation caused by elastic stress
generated in the glass by the migration and nucleation of Au–NPs [5].
Moreover, the distribution of the NPs on the TEM images is quite inho-
mogeneous, conﬁrmed by the rather broad size distribution presented
in Fig. 1(b), (d) and (f). Fig 1 also shows the X-ray diffraction patterns
(g) of the glass with the annealing time as a parameter. Two diffraction
peaks are observed in Fig. 1(g) from the patterns of the samples con-
taining Au–NPs, at 2θ = 38.3 ± 0.4° and 2θ = 44.6 ± 0.3°, which are
attributed to the Au crystal (111) and (200) diffraction planes, respec-
tively [18]. The average sizes of the Au crystals, calculated from
Scherrer's relation, are reported in Table 1, as can be understood,
these values are very close to the TEM value. The correlation between
size obtained by XRD and TEM is that the XRD size is usually equals or
smaller than that obtained by TEM, which is in agreement with the
literature [8,19,21].
We choose AuCl3 in the NP formation because the melting point of
AuCl3 is 254 °C [20]. Thus, in the start of the melting glass (near to
260 °C) we have only Au3+ ion and the chlorine was removed as gas.
Therefore, in the melting process, the Au3+ ions and Au0 atoms are
formed by thermal reduction of Au3+ ions (Au3++3e−→ Au0). OurTable 2
Frohlich condition between the Er3+ radiative transitions and Rayleigh scattering
Q scatt
(Ray), and ωp ¼ 2πcλp ¼800 nmð Þ.
Electronic transitions of
Er3+ ion (λ (nm))
Re[ε(λ)]
(F/m)
−2εd(λ)
(F/m)
Q scatt
(Ray)
(λ)
4F7/2 → 4I15/2 (488) −1.83 −8.30 –
4S3/2 → 4I15/2 (550) −7.11 −8.86 –
4F9/2 → 4I15/2 (650) −10.75 −7.88 bbb1
4I9/2 → 4I15/2 (800) −25.12 −7.74 80387.11
4I11/2 → 4I15/2 (980) −44.69 −7.65 bbb1
4I13/2 → 4I15/2 (1550) −131.95 −7.54 bbb1process is initiated when the precursors, raw materials of high purity,
aremixed andmelted in a platinum crucible by placing it into an electric
furnace at 750 °C for 2 h. The thermal reduction pathway proposed is:2
AuCl3→2Au
3þþ3Cl02 gð Þ. The precursor oxides involved during the melt-
ing are able to transfer electrons. Therefore, it is possible to form atomic
gold (Au0). In other words: Au3++3e−→ Au0 (standard reduction
potential), i.e., the reduction is thermodynamically favored due to the
high redox potential. Considering the redox reactions, we have:
AuCl3→
254∘C
heat
AuClþ Cl02 gð Þ
that is, thermal decomposition. Then, when heated at 290 °C, gold (I)
chloride decomposes to gold and chlorine gas:
2AuCl→
290C
heat
2Auþ Cl02 gð Þ
Finally, we have:
AuCl3 þ AuCl→
heat
2Au0 sð Þ þ 2Cl02 gð Þ
For Au(s):
Δ fH ¼ 0
kJ
mol
;Δ f G
0 ¼ 0 kJ
mol
and S0 ¼ 47:5 J
molK
For AuCl:
Δ fH ¼−34:8
kJ
mol
;Δ fG
0 ¼−17:43 kJ
mol
and S0 ¼ 99:6 J
molK
For AuCl3:
Δ fH ¼−117:6
kJ
mol
;Δ fG
0 ¼−55:2 kJ
mol
and S0 ¼ 147:3 J
molK
Finally, for Cl2(g):
Δ fH ¼ 0
kJ
mol
;Δ fG
0 ¼ 0 kJ
mol
and S0 ¼ 233 J
molK
The Gibbs free energy of each reaction is (T = 298.15 K):
ΔG1 ~ 27.55 kJ/mol and ΔG1 ~ 31.21 kJ/mol [17]. Thus, the Gibbs
free energy of the total resultant reaction is: ΔG ~ 58.76 kJ/mol.
The growth of Au–NPs occurs during the thermal treatment, when
the viscosity is sufﬁcient to simultaneously promote the diffusion of
the Au3+ (low concentration) and Au0 (high concentration) entities
within the glassy network. Due to the kinetics of nucleation, the
size distribution becomes non-homogeneous, as can be observed in
Fig. 1(b), (d) and (f). We found that the size of the Au–NP required
to overcome the thermodynamic barrier [5] is 2r⁎ ≈ 1.6 nm
(Fig. 1(d)) for 5 h annealing, from our experimental results. This
shows that when the NPs achieved this size, the nucleation stopped.
Because the particle nucleation process (coalescence) has to over-
come the glass elastic stress, microscopic cracks may be formed
(Fig. 1(c)). Moreover, the diffusion-controlled growth promotes the
formation of non-uniform NPs. The graph presenting the NP size ver-
sus annealing time (Fig. 1(h)) shows a diameter decrease with in-
creasing annealing time, for 7.5 h. This is due to that NPs reaches
approximately 1.6 nm in diameter (thermodynamic barrier, 2r⁎),
thus Au0 atoms may be released from the NP surface to reduce the
total Gibbs free energy, decreasing the Au–NP size, and form (proba-
bly) a new nucleation center (see Fig 1(h) for 7.5 h).
Additionally, a noticeable color change of all samples is observed
with the naked eye.
We can observe from Fig. 1(h) that the size of Au–NPs formed in
our glass samples ranges from ~ 0.8 to 1.6 nm. The optical properties
Fig. 4. (a) Schematic representation of the Er3+:Au–NP system, (i) absorption of incident radiation Ip by the Er3+ ion while the Au–NP absorbs the excitation frequency resonant
with λp; (ii) activation of the Au–NPs by energy transfer from the Er3+:Au–NP coupling; (iii) by assuming that: |ε(ω) + 2εd| b0.8, a quasi-effective absorption occurs, enhancing the
local ﬁeld; (iv) the NPs oscillate with ωp and can decay nonradiatively by heat generation or radiatively releasing energy that depends on the albedo of the NPs (Qscatt). (v) Au–NP
transmitter, via electric dipole. Such coupling depends on the distance between the Au–NPs and Er3+ ions. Finally, the emission intensity is IT = I1 + I2. (b) Representation of a
metallic Au–NP for two different polarizations that depend on k
!
: transverse (forming electric dipole perpendicular to the Er3+:Au–NP axis) longitudinal (forming electric dipole
parallel to the Er3+:Au–NP axis.
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tration N (atoms/cm3) of Au atoms and Er3+ ions and the average
distance between Er3+ ions and Au–NPs (mean inter-ionic distance
rm [21]) are reported in Table 1. The density of the glass samples,
ρAu–NPs-x = 5.34 ± 0.12 and ρmatrix = 5.39 ± 0.08, was measured
by the Archimedes method using distilled water as the immersion
medium. The LSPR dependence on the matrix refractive index can
be calculated by [7]: ωp ¼
ﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
4πn′e2=ε0εd ωð Þm
p
, where n′ is the elec-
tron density, e is the electron charge, (εd(ω) = nλ2) is the dielectric
permittivity, ω is the excitation frequency and m⁎ is the electron
mass.
The measured mean values for the refractive indices of samples
containing Au–NPs are: nλ = 533 = 2.014 ± 0.003, nλ = 633 =
1.992 ± 0.002 and nλ = 1530 = 1.940 ± 0.003. The measured mean
values for the samples without Au–NPs are: nλ = 533 = 2.293 ±
0.002, nλ = 633 = 2.007 ± 0.002 and nλ = 1530 = 1.951 ± 0.003.
We see that the nλ of the samples with embedded Au–NPs is less
than nλ without Au–NPs. In this scenario, NPs with a diameter less
than the incident light (see Table 1) do not have a noticeable effect
on the transmission of the incident light through the transparent
glass. A possible explanation is due the reducing of the polarizable
ions [22]: n ¼ 1þ∑αMNM=V0 , V0 is the volume of the glass and NM is
the number of atoms of M in the glass. This is responsible for both
the dielectric constant and refractive index, where the charges and
Au–NPs radiate with their own electromagnetic wave that is at the
same frequency, but usually with a phase delay. Depending on the
relative phase of the original driving wave and the waves radiated
by the charge motion, there are several possibilities; however, if the
electrons emit a wavelength which is in phase with the incident
beam, it will amplify the light wave. It corresponds to an imaginaryindex of refraction from the Au–NPs. Nevertheless, here Au–NPs are
used to introduce an enhancement of the local ﬁeld or energy transfer
process.
Using the measured refractive index values and Sellmeier's equa-
tion [23] (ﬁrst, we found the initial values of the Sellmeier coefﬁcients
and then added corrections by an iterative process so as to minimize
the deviation between the measured and the computed values with a
margin of error less than 5% for all the samples). This way, we have
calculated that the wavelength of surface plasmon resonance λp is
749 and 773 nm for excitation wavelengths of 488 and 808 nm, re-
spectively. No absorption band related to the LSPR is observed in
the absorption spectra presented in Fig. 2(a), probably due to the
low quantity of Au in the samples and the existence of an Er3+ ab-
sorption band in that region, which may hide the plasmon band.
Glass samples without Er3+ ions were also prepared to investigate
this possibility. Their optical absorption spectra, shown in Fig. 2(b),
clearly exhibit the LSPR absorption band in the (approximately)
702–860 nm range. The calculation of the λp is for a metallic surface
and it not considers the NP shape, however these values are within
the experimental results. Here an absorption bandwidth is observed
due to the distribution size of those Au–NPs.
In the Gans theory, the LSPR is only a function of the aspect ratio
and refractive index. Thus, in certain conditions, a linear relationship
between them can result [24]. Nevertheless, numerical results sug-
gest that, even when the aspect ratio is ﬁxed and the retardation ef-
fect is weak, the position of longitudinal resonance can still depend
strongly on the aspect ratio [25,26]. Using the model of Huang et al.
[27], we can write: λp ¼ πn
ﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
10κ 2δ2 þ r2ln κ½ 
 r
, where κ is the as-
pect ratio of the Au–NPs and δ is the skin depth of gold (~21.9 nm)
Fig. 5. (a) Quenching is observed for all samples. Nevertheless, an enhancement in the 2H11/2 → 4I15/2 transition is observed for the 5.0 h sample. (b) All samples present quenching
in the 625 to 750 nm region. Here, the presence of the Au–NPs is detrimental to the ESA process. (c) Luminescence spectra in the telecommunicationwindow. Quenching is observed
for all samples. (d) Simpliﬁed energy level diagram of Er3+ and Au–NP under excitation at 808 nm. Center peak: a — 530, b — 556, c — 675, d — 805, e — 840 and f — 1555 nm. NR:
non-radiative transition, ESA: Excited State Absorption and CET: Cooperative Energy Transfer.
131V.A.G. Rivera et al. / Journal of Non-Crystalline Solids 378 (2013) 126–134[22]. This means a breakdown of the linear behavior presenting oscil-
lations electrons originating from the amorphous geometry of the
Au–NPs.
In order to carry out our simulations, we have used refractive
index values of nλ = 488 = 2.21 and nλ = 808 = 1.98 (which were
obtained by means of a ﬁt using the Sellmeier equation [18] from
the experimental data), and calculated the resonance wavelength as
a function of the aspect ratio (Fig. 3). The calculated λp is 749 and
773 nm for excitation wavelengths of 488 and 808 nm, respectively,
and corresponds to aspect ratios of 1.17 and 1.54, respectively. We
see that the calculations are in agreement with the experiments
(Fig. 2(b)) and its dependence on the aspect ratio (Fig. 3). Therefore,
we can say that the longitudinal mode resonance is predominantly in
the Au–NPs in all our samples. This explains why the resonance
wavelength is not observed in ~ 530 nm which is related to the
transversal mode of the Au–NPs. Similar results can be seen in Refs.
[28–30], where it is observed that the longitudinal mode is more in-
tense than the transversal mode resonance.
An incident ﬁeld induces a dipole moment inside the NPs propor-
tional to E
!
in ¼ 3εdε ωð Þþ2εd E
!
0 [31], where ε(ω) = ε′ + iε″ is the complex
and frequency dependent dielectric constant of the NPs. In this sce-
nario, the absorption coefﬁcient α of the plasmon band is expressed
by [32]: α = pω|f|2ε″/nc, where f = 3εd/(ε(ω) + 2εd), p is the vol-
ume fraction occupied by NPs and f is the local ﬁeld factor.
From the latter equation, for ε(ω) ≈ −2εd, the Au–NP absorption
presents a maximum. The case where Re[ε(ω)] = −2εd, the so-called
Frohlich condition, is associated with the dipole mode [23].In this way, NPs can be excited by predeﬁned incident radiation
through direct coupling between the excited states of both Er3+
ions and NPs, resulting in the following: (i) a local ﬁeld increase
(Frohlich condition), at ωp, (ii) nonradiative decay (heat generation
by the Joule effect) or (iii) radiative energy release that depends on
the albedo of the NPs. Therefore, the exact response of LSPR will
depend on the details of the physical system (e.g., εd, arrangement)
and usually will not be strictly symmetric about the resonant
frequency.
The dielectric constants ε(λ) and −2εd (λ) reported in Table 2
were determined from the refractive index measurements of the
host matrix and from Palik's data for gold [33]. The bold values indi-
cate when the Frohlich condition is b 0.8, i.e., absorption by NPs is
quasi-effective. In other words, the Er3+:Au–NP system exhibits a
good local ﬁeld factor f. Consequently, an enhancement of emission
is expected for the corresponding Er3+ transitions presented in
Table 2 (text in bold).
A schematic representation of the interaction process within the
Er3+:Au–NP system is depicted in Fig. 4. The calculated Rayleigh scat-
tering values for different wavelengths are reported in Table 2, dem-
onstrating a more prominent scattering at λ = 800 nm.
Onemight expect that themost favored transitions are 4I9/2→ 4I15/2
(direct emission, with low probability) or 2H11/2→ 4I13/2 and
4S3/2→ 4I13/2 (thermal population levels, 4-level transitions). In order
to investigate these hypotheses, different excitation wavelengths were
used to determine what process or transitions are favored in these
samples. Energy transfer processes could have either a negative or a
Fig. 6. (a) Luminescence spectra; here we can see a quenching for all samples. (b) Enhancement in the 625 to 900 nm region are observed for all samples, except the sample with
annealing of 2.5 h. (c) The particular case of 80% enhancement and a blue-shift for the 4I13/2 → 4I15/2 observed for the sample heat treated for 7.5 h. (d) Simpliﬁed energy level
diagram of Er3+ and Au–NP under excitation at 488 nm. Here the pumping was accomplished with a cw diode laser at 488 nm. Center peak: a — 536, b — 559, c — 800, d — 850,
e — 1555 and f — 675 nm.
132 V.A.G. Rivera et al. / Journal of Non-Crystalline Solids 378 (2013) 126–134positive impact for a speciﬁc excited state, depending on the efﬁciency
of Er3+:Au–NP coupling, i.e., the size and shape of the Au–NPs and their
location relative to the Er3+ ions.
Fig. 5(a) and (b) show the up-conversion (UC) emission spectra in
the region from 510–580 nm to 600–750 nm, respectively, of the
Er3+:Au–NPs doped glass samples pumped at 808 nm (4I15/2 → 4I9/2
transition). Quenching is observed for all samples. Ground state
absorption is followed by non-radiative transition and excited-stateFig. 7. Decay time values for the levels 2H11/2 (805 nm) and 4S3/2 (850 nm), pumped
with an OPO centered at 488 nm, 100 mW. Luminescence enhancement occurred in
the samples with Au–NP (solids bar) as indicated by the lowering of lifetime compared
with the samples without Au–NP (dashed lines).absorption (ESA) from the 4I13/2 level to the 2H11/2 level and, 4F9/2 is
populated via non-radiative relaxation of the 4S3/2 level. In parallel,
the Au–NPs partly absorb the excitation beam due to its proximity to
λp, resulting in both UC and luminescence quenching (Fig. 5(a)–(c)).
Although it was not possible to record emission spectra in the
800–900 nm range due to the proximity of the source bandwidth
(806–814 nm), we can assume that a large enhancement of the lumi-
nescence occurs in this region in comparison with the emission upon
excitation at 488 nm (Fig. 6(a) and (b)). Once again, the results suggest
that the observed excited state absorption (ESA) is favored by the pres-
ence of the Au–NPs. Fig. 5(d) presents a basic energy level diagram of
Er3+ ions and describes the emission and excitation pathways related
to the UC spectra presented in Fig. 5(a) and (c), as well as the Au–NP
interaction with the Er3+ ions. Thus, when pumping at 808 nm, we
have the following interactions with the Au–NP (see Fig. 5(d)): (0)
Absorption of Au–NPs. (1), (2) and (3) energy transfer from Er3+
to Au–NPs, quenching the 2H11/2, 4S3/2 → 4I15/2 and 4F9/2 → 4I15/2 ra-
diative transitions (green and red emissions, respectively). (4) and
(5) are the 2H11/2 → 4I13/2 and 4S3/2 → 4I13/2 transitions that can be
coupled with the Au–NPs, resulting in an enhancement in local
ﬁeld due to proximity with λp. (6) Luminescence quenching for
2H11/2 → 4I13/2 (805 nm) and 4S3/2 → 4I13/2 (840 nm) electronic
transitions.
Fig. 6 shows the luminescence spectra when the samples are
pumped at 488 nm (4I15/2 → 4F7/2 transition). In the 520–580 nm
region (Fig. 6(a)), the luminescence quenching observed can be
explained considering an energy transfer from Er3+ to Au–NPs,
leading to 2H11/2 → 4I15/2 and 4S3/2 → 4I15/2 transitions. Fig. 6(b)
shows a large enhancement for the 4F9/2 → 4I15/2, 2H11/2 → 4I15/2
Table 3
Calculated transfer efﬁciencies in samples with different annealing times.
Electronic transitions Annealing time (h)
2.5 5.0 7.5 10.0
4H11/2 (~805 nm) 31.6 32.8 31.2 28.6
4S3/2 (~846 nm) 22.2 23.3 21.6 18.9
133V.A.G. Rivera et al. / Journal of Non-Crystalline Solids 378 (2013) 126–134and 4S3/2→ 4I15/2 transitions, for all samples except the one annealed
for 2.5 h. The enhancement observed for the 4F9/2→ 4I15/2 transition
is due to the plasmon resonance at the Frohlich condition (see
Table 2) and not ESA, as in previous cases. Additionally, in the region
from 780 to 860 nm, the Er3+ emission is close to λp, i.e., an enhance-
ment of both Er3+ ions and Au–NPs emission intensity is obtained. In
both peaks observed (Fig. 6(b)), the luminescence enhancement is at-
tributed to the mismatch between those emissions from Er3+ and the
longitudinalmode resonance from theAu–NPsλp, this can be conﬁrmed
in Table 2, case contrary we have luminescence quenching (Figs. 5 and
6(a)). These effects are represented in Fig. 4. Hence, for distances very
short theremay be an increment of the non-radiative transfer of energy
from the Er3+ to the Au–NP or vice versa.
A particular behavior observed in Fig. 6(c), in the telecommunica-
tion range, is that the sample heated for 7.5 h exhibits a large enhance-
ment (~80% intensity increment) and a blue-shift for the 4I13/2→ 4I15/2
transition. Such a feature can be related to the size of the Au–NPs,which
is the smallest in comparison with the other samples (0.9 ± 0.1 nm of
diameter) and therefore favors the electric dipole [7]. As for the lumi-
nescence studies at 808 nm excitation described above, a simpliﬁed en-
ergy level diagram for Er3+ ions is presented in Fig. 6(d) and describes
the excitation pathways and the luminescence emission shown in
Fig. 6(a) to (c) and also the Au–NP:Er3+ interaction.
In consequence, under optical excitation at 488 nm we have the
following interactionswith theAu–NP: (see Fig. 6(d)). (1) Energy trans-
fer from Er3+ (2H11/2→ 4I15/2 transition) to Au–NPs. (2) The same as
(1) but for the 4S3/2→ 4I15/2 transition. (3), (4) and (5) 4F9/2→ 4I15/2,
2H11/2→ 4I13/2 and 4S3/2→ 4I13/2 transitions are favored for the energy
transfer process from Au–NPs to Er3+ together with an enhancement
of the local ﬁeld, with the exception of the sample heat treated
for 2.5 h. (6) Luminescence quenching for 4F9/2→ 4I15/2 (660 nm),
2H11/2→ 4I13/2 (805 nm) and 4S3/2→ 4I13/2 (840 nm) transitions.
Nevertheless, the sample with 7.5 and 10.0 h of annealing time showed
an increment of the intensity emission.
Depending on the polarization direction of the incident radiation
on the Au–NP, a blue-shift of the plasmon resonance band is observed
for transverse modes, and a red-shift is observed for longitudinal
modes [23] (Fig. 4(b)). From the results presented in Figs. 5 and 6, a
blue shift is observed in most spectra. One possible cause for this
result is that a random Au–NP distribution produced a randomly
polarized distribution (TE/TM); thus, when adding the mode intensity,
some terms may cancel each other, but the rest is sufﬁcient to show a
blue shift.
The trend of the τAu-NPs as a function of annealing times is evident in
Fig. 7 and is quantiﬁed in Table 3. Fig. 7 shows the lifetimes of the levels
2H11/2 and 4S3/2, pumped at λpump = 488 nm and 100 mW, as a func-
tion of annealing time for the Er3+ ions. Measurements for the two
levels were performed with a 10 nm bandwidth ﬁlter centered at 800
and 850 nm, respectively. Decay times obtained for samples without
Au–NPs are also shown for comparison; in all samples the obtained life-
time behavior does not follow a single-exponential decay, which veri-
ﬁed the energy transfer process shown in Figs. 5(c) and 6(d) with two
correlated manifolds (Er3+ ions and Au–NPs respectively). Lumines-
cence enhancement is possible for the 2H11/2→ 4I13/2 (805 nm)
and 2S4/2→ 4I13/2 (840 nm) transitions, which can be explained by
the increased excitation transition rate of the Er3+ ions due to the prox-
imity between λp and the excitation wavelength. This increasedexcitation rate is responsible for lowering the 2H11/2 and 4S3/2 lifetimes,
this increased excitation rate is in agreement with the results reported
in Refs. [7,9].
The lifetime is given by the inverse of the total decay rate, τ =
(−Γ + knr)−1, where Γ is the emissive rate and knr is the
nonradiative decay rate. This knr is associated with the quantum
yield of the energy transfer transition (from Er3+ ions), i.e., the
fraction of energy transferred in the Er3+ ion excitation event
[34]: E ¼ 1−τAu‐NPs=τEr3þ , where τEr3þ and τAu ‐ NPs represent the
lifetimes in the absence and presence of Au–NPs, respectively (as-
suming that the separation distance Er3+:Au–NPs is ﬁxed for the
present calculation). Table 3 shows the transfer efﬁciency (E) in
our samples.
The values of τEr3þ are shown in Fig. 7. This fraction of energy
transfer from Er3+ ions for Au–NPs is responsible for the lifetime low-
ering of electronic transitions.
5. Conclusions
In summary, we veriﬁed that the Au–NPs form electric di-
poles with the emitters, the Er3+ ions. These are activated by
the 4F9/2→ 4I15/2, 4I9/2→ 4I15/2, 4I11/2→ 4I15/2 and 4I13/2→ 4I15/2 tran-
sitions of the Er3+ ions, forming an LSPR, where the longitudinal mode
resonance of the NPs is predominant. For a plasmon wavelength of
about 800 nm, an enhancement of the Er3+ ions luminescence is ob-
served for the band ranging from 800 up to 840 nm upon excitation
at 488 nm. Furthermore, an enhancement of the luminescence spec-
trum is also observed in the region 640 to 720 nm, except for the
glass heated for 2.5 h. Additionally, a luminescence quenching is ob-
served in the telecommunication window. However, a large enhance-
ment is observed in this window for the sample annealed for 7.5 h
when excited at 488 nm. In this case, the formation of electric dipoles
is found to be dependent on the NP size. These dipoles produce an en-
hanced local ﬁeld and consequently an increment of the luminescence
intensity. The decrease in lifetime indicates that energy transfer occurs
between the Er3+ ions and the Au–NPs, leading to an increase in the ra-
diative transition rates from these levels; this is veriﬁed by an improve-
ment in the quantum yield of the energy transfer transition from about
19% to 33%. These tunable plasmon resonancemodes can be applied for
different rare-earth doped germanium–tellurite glasses in order to im-
prove the quantum yield of luminescent glasses.
Nevertheless, the formation and diffusion of Au–NPs in the TeO2–
Na2O–ZnO–GeO2–Er2O3 germanium–tellurite glass matrix is not favor-
able because of the small size of the NPs produced in thematrix and the
inducedmechanical stress resulting inmicroscopic cracks into the glass.
On the other hand, this is an opportunity for future studies about the
gold nanoparticles formation into germanium–tellurite glasses, varying
parameters such as the temperature of thermal treatment (above the
Tg), the annealing time, the Aucl3 concentration and others. This repre-
sents a challenge for future technological applications of this glass for
photonic devices.
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